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original protocol and the cost per sample was reduced to 22% of that in the original protocol. Labor cost was also decreased to 25% of the original protocol as a result of format changes. The accuracy of the measurement from the modified protocol was comparable to the current standard enzymatic procedure. 3-Glucan measurement accuracy of the modified and original protocols were also compared using 21 oat (Avena Saliva L.) samples. The results indicated that the new protocol consistently produced accurate measurements in both barley and Oat. finalized in 2006. As a result of these health claims, it is anticipated that people will incorporate more barley and oats into their diets. In contrast to the beneficial effect on humans, high 3-glucan is not favorable for animal feed and malting industries. In the feed industry, 3-glucan is not usable by monogastric animals such as poultry, hogs, and fish (McNab and Smithard 1992) . Therefore, the presence of high 3-glucan levels will decrease the nutritional value of feed. In the malting industry. 3-glucan can cause gel formation or hazy precipitation, both considered unfavorable in the fermentation process of brewing or during beer storage (Grimm et al 1995; Vis and Lorenz 1997) . Controlling 3-glucan content is one of the major considerations in the brewing process. A new utilization of barley that also focuses on 3-glucan content is the biofuel industry. Recent studies indicate that low or zero 3-glucan barley grains are preferred for production of biofuel (K. Hicks, USDA-ARS, Wyndmoor, PA, personal communication) . As 3-glucan becomes a more important nutritional and marketable trait in barley and oats, a precise and low-cost method of measurement for 3-glucan levels will be essential.
The nutritional and industrial values emphasize the importance of the f3-glucan trait in crop breeding and genetic studies. Thus, an accurate and economically efficient means to measure glucan levels for large numbers of sample is an essential tool. Four methods, based on different technologies for measurement of J3-glucan levels, have been published. Wood and Weisz (1984) reported a technique based on the detection of fluorescence produced by a complex of Calcofluor with f3-glucan, although this method was not intended to determine levels in barley and oat flour. The methodology of enzymatic degradation of the polysaccharides by 3-glucan hydrolases, followed by spectrophotometric measurement of liberated sugar, was developed later (McCleary and Glennie-Holmes 1985; McCleary and Codd 1991: McCleary 1997) . Two additional 3-glucan measurement methods are monoclonal antibody-dependent ELISA (Meikle et al 1994; Ramptisch et al 2003) and near-infrared reflectance spectroscopy (Williams and Norris 2001; Neas et al 2002: Blakeney and Flinn 2005) . Both techniques have advantages as well as limitations. Although the last two methods are suitable for quick screening of a large number of samples, which is useful in early generation genotyping in breeding programs, the accuracy is not as reliable as the enzymatic procedure. Currently, the enzymatic method is widely accepted as the most reliable measurement and serves as the standard in the development of other technologies (Neas et al 2002; Blakeney and Flinn 2005; Rarnptisch et al 2006) . Drawbacks of the enzymatic method are high cost per sample and low throughput. We report our results for modifying the enzymatic method to significantly reduce costs and increase throughput.
MATERIALS AND METHODS

Plant Materials
Ten barley genotypes were used in this study. Azhul is a 6-row. hulless, high 3-glucan germplasm released by USDA-ARS. Baronesse was developed by Nordsaat in Germany and is marketed in the United States by WestBred, LLC (Bozeman, MT). CDC Alamo is a waxy cultivar (Rossnagel et at 1999) . Falcon is a 6-row hulless barley line (Helm et at 1996) . Harrington is a 2-row malt cultivar (Harvey and Rossnagel 1984) . Morex (Rasmusson and Wilcoxson 1979 ) is a 6-row hulled malt cultivar. Waxbar is a waxy cultivar marketed by WestBred. LLC (Bozeman, MI). The 01AH2812 is a stable germplasm line developed by An Hang (USDA-ARS, Aberdeen, ID) with a high 3-glucan content. M38 and M351 are two mutants derived from a chemically mutagenized population of Harrington (Hu et al, unpublished data) . All of the barley genotypes were planted in Aberdeen field experiments, bulk-harvested, and threshed in 2006. Twenty-one oat samples were provided by the oat mapping project in Aberdeen (Eric Jackson, USDA-ARS). The 3-glucan contents among all the tested genotypes were 1.5-10% (dwb).
Flour Preparation
Seeds (30-50) were selected from each barley or oat genotype. Seeds were then ground to pass a 0.5-mm screen using a laboratory cyclone mill (Udy Corporation. Fort Collins, CO). The mill was cleaned between samples.
Standard -Glucan Measurements
The enzymatic measurements of mixed-linkage -glucan were performed using commercially available components (Megazyme International Ireland Ltd., Bray, Ireland). The manufacturer's recommendation was the standard protocol. Enzymes, developing reagent, and standards from Megazyme were used in the modified protocols. Notations throughout this report regarding original or standard procedures refer to Megazyme "Assay of mixed-linkage 3-glucan in oat and barley flour and fibre samples-Streamlined method (McCleary method)", also known as AACC Approved Method 32-23 (McCleary and Codd 1991) . The streamlined procedure calls for 80-120 mg of milled flour mixed with 200 1iL of 50% (v/v) ethanol and 4 mL of sodium phosphate buffer (20 mM, pH 6.5). This mixture is incubated with lichenase (200 1it, 50 U/mL), then enzymatic reaction is stopped with 5 mL of sodium acetate buffer (200 mM, pH 4.0). After centrifugation, a 100-pt aliquot is reacted to completion with 100 iL of 3-glucosidase. The level of glucose is detected with 3 mL of glucose oxidase/ peroxidase GOPOD developing reagent.
Adapting 96-Well Assay Plates for Standard 3-Glucan Measurements
After adding sodium acetate buffer in the streamlined protocol (McCleary and Codd 1991), aliquots (I mL) from each sample were transferred into 1 .2-mL cluster tubes in a 96-well format rack (Corning. New York) and centrifuged at 2.200 rpm for IS mm using a swing bucket rotor in an Eppendorf 5810 centrifuge. The layout of the 96-well plate was one row containing 100 !.xL of sodium acetate buffer (50 mM, pH 4.0) in each well to serve as sample blanks, and two rows with 100 iL of 3-glucosidase (2 UI mL) in each well for the corresponding sample reactions. Each experimental set was repeated. Sample aliquots of 100 1tL from the cluster tubes were transferred to the respective wells and mixed by gentle aspiration. The plate was then incubated at 50°C for 10 min using the SH2000-DX thermo mixer (FinePCR, Seoul, Korea) . At this point, the sample enzyme and buffer volumes were unchanged from the original protocol.
In a second assay plate, configured like the first, 150 1iL of GOPOD developing reagent were placed in blank and test wells. When incubation of the first plate was complete, 10 1.tL of each sample were added to the GOPOD reagent in the respective wells and mixed by gentle aspiration. The reaction blanks and glucose standards were included on each plate. The developing reagent and sample volumes in this plate were 5% of the amount used in the standard assay. The plates were incubated in the dark at 50°C for 20 mm.
Following the second incubation, absorbances were measured at 510 nm using a Synergy UT auto-reader (Bio Tek Instrument, Winooski, VT). Readings were transformed to correct for reaction blank control and calculations were performed using the formula in the original McCleary method (McCleary and Codd 1991).
Modifications of 96-Well Plate Format f3-Glucan Measurement Protocol
In our search for an improved protocol for reducing costs while maintaining the accuracy, we tested different reaction volumes of enzymes as well as optimized combinations of enzymes in varying test volumes. When lichenase volumes were decreased, the sodium phosphate buffer was added to adjust the total reaction volume back to the standard 200 1.iL. For convenience, we refer to lichenase volumes of 150, 100, and 50 jiL used in the experiments as LCHN-150, LCHN-100, and LCHN-50, while 3-glucosidase volumes of 100. 50, and 25 1.iL are referred to as BGLUC-lOO. BGLUC-50, and BGLUC-25. respectively.
Statistical Analyses
Results from the 10 barley genotypes were used to perform the statistical analysis to compare the 3-glucan assay procedures. All the tests were repeated at least twice in the standard protocol and modified procedures. Variance analyses were conducted with JMP 6.0 software (SAS Institute, Cary, NC). Comparisons of paired procedures were performed using the Fit Y by X model. The correlation coefficiency between procedures was calculated using the correlation function in Excel software (Microsoft, Seattle, WA).
RESULTS
Adaptation of 96-Well Assay Format
The adaptation of a 96-well format for 3-glucan assays is an important step toward truly high-throughput analysis. We compared the accuracy of the test results from both 96-well assays and the standard protocol using 10 genotypes whose f3-glucan contents varied dramatically. A correlation coefticiency of 0.9987 between the two methods indicates that the 96-well plate format has the same accuracy as the standard protocol (Fig. IA) . Materials used in this study assured the application of the 96-well format to samples with 3-glucan levels as low as 1.5% dwb (M351) and as high as 10.0% dwb (Azhul). The range of 3-glucan levels in the materials should cover most, if not all, of the barley lines used in breeding programs. The results confirmed that results from the high-throughput format are highly correlated with results from the standard protocol.
Reduction of Test Volume in 96-Well Plates
Test reaction volumes related to the amount of the 3-glucosidase (2 U/mL) did not alter the proportions of 3-glucan sample versus 3-glucosidase. This approach was selected because it easily provided a working format for micro-plate setup without revising the optimum reaction conditions. To study the effects of different reaction volumes on the accuracy of the 3-glucan measurements, we compared sample and enzyme volumes of 100. 50, and 25 1tL each in the 96-well plate setup. No difference in 3-glucan was detected among the reaction volumes (Fig. 1 B) , indicating that the 25 jiL reaction volume works as well as a IOU pL volume. The correlation coefficiency between the two test volumes was 0.9988. With the confirmation of the same accuracy between the standard protocol and modified reactions in 96-well plates (Fig.  1A) , we concluded that 25 iL each of sample and 3-glucosidase for a 96-well assay reaction setup produced results with the same reliability as the standard protocol. In a preliminary experiment, we further reduced the sample and enzyme volumes to 10 1.iL each, with inaccurate and inconsistent results (data not shown). Therefore, 25 1.sL approaches the minimum volume that does not compromise the reliability of the test.
Optimizing Lichenase in -Glucan Measurement Protocol
In addition to reducing the f3-glucosidase volume in the modified protocol, we also tested the effects of different amounts of lichenase (10, 7.5, 5, and 2.5 U/reaction) on the 3-glucan measurements. The first experiment evaluated the varying volumes of lichenase used in the standard protocol. Four lichenase (50 U/mL) volumes of 200 1.iL (10 U), 150 ltL (7.5 U), 100 j.iL (5 U), and 50 ILL (2.5 U) were used, with no significant difference detected in them ( Fig. 2A) . When lichenase volumes were decreased, sodium phosphate buffer was added to adjust the total reaction volume back to the standard 200 I.LL. The same lichenase volume adjustments were then tested in the 96-well BGLUC-100 format. We found no significant difference between 100 and 200 p.L of lichenase (Fig. 213) . The f3-glucan measurements for 50 1iL of lichenase were somewhat lower in CDC Alamo and M38, but the absolute difference was <0.9% in the two samples. The same sets of lichenase tested in the 96-well BGLUC-25 format showed similar results. The correlation coefficiency between the 200 sL and 50 I.LL lichenase reached 0.9984 (Fig. 2C) . Because the results using 50 iL (2.5 U) of lichenase did not differ significantly from those using the standard volume of 200 1iL (10 U), we further tested this smallest lichenase volume in different reaction formats. The results indicated little difference between the standard protocol and the 96-well BGLUC-25 format, with a correlation coefficiency of 0.9983 between the two procedures (Fig. 2D) . We concluded that the optimized lower cost protocol with results similar to the standard protocol was 50 IlL (2.5 U) of lichenase in a 96-well BGLUC-25 format. Variance analysis indicated that there are no significant differences in different procedures and in genotype- (Table I) . Comparisons of paired procedures for -glucan measurement in each genotype were analyzed. Only BGLUC-25 and BGLUC-50 showed differences in the M38 and M351 samples compared with the standard protocol at the 0.05 probability level but not at the 0.01 level (Table II) . Results provided statistical confidence that the modified procedures were performed with the same accuracy as the standard method for the 3-glucan measurement.
Precision of 3-Glucan Measurements in Different Procedures
The comparison data indicated that the modified procedures performed with comparative accuracy to the standard. We further analyzed the precision of the measurements by examining the results from the standard method and the three modified protocol formats (BGLUC-100, BGLUC-50, and BGLUC-25) for the test set of 10 barley genotypes. Averages and standard deviations were calculated from the data. The results showed a standard deviation range of 0.0-0.3 and an average standard deviation of 0.1, indicating that all the procedures were comparably precise. Additional variance analysis showed that there is no significant difference in repeated tests on the same samples (Table I ). Statistical analysis results provide evidence for the comparative usefulness of the modified procedures to standard methods in terms of measurement precision.
Optimized Protocol in Oat f3-Glucan Measurements
We used 21 oat samples to evaluate the usefulness of the optimized protocol in oats and compared the measurement accuracy in various formats including the standard method. In comparisons between optimized and standard protocols, 10 samples yielded identical results (Table III) , five samples showed 0.1% variation and four showed 0.2% variation between the two protocols. The correlation coefficiency of the measurements between the standard and the optimized procedure was 0.9334. The greatest variation between the two protocols occurred in Ogle-TET99 (0.4%). Our results indicated that the accuracy of the modified protocol was comparable to the standard. 
Cost Effectiveness of Modified Protocols
The cost per sample of the modified assay is significantly less than that of the standard protocol: $0.32 for the optimized protocol compared with $1.43 for the standard protocol (Table IV) . The total cost of each component and the estimated number of assays available are based on the October 2007 Megazyme prices in U.S. dollars. Total assays and the cost per sample for the modified protocol were calculated using the adjusted amount of each component. Besides the reduction in chemical cost, the labor hours per sample assay were reduced to 25% (Table IV) .
DISCUSSION
The enzymatic method for 3-glucan measurement has been widely used since it was developed in 1985. This assay has been the industry standard because of its accuracy and reliability. However, the high cost and relatively low throughput of the method limits its use for genetic investigation and routine screening for 3 -g l u c a n c o n t e n t b e c a u s e l a r g e s a m p l e n u m b e r s a r e i n v o l v e d i n those studies. Newly developed methods such as the ELISA assay using monoclonal antibodies (Meikle et al 1994; Ramptisch et al 2003) and the near-infrared reflectance (NIR) spectroscopy (Williams and Norris 2001; Neas et al 2002; Blakeney and Flinn 2005) fit well for high-throughput analysis. The limited linear range of 3-glucan detection in the ELISA method requires careful dilution (Ramptisch et a! 2003 (Ramptisch et a! , 2006 and this extra step can be inconvenient when analyzing a large number of samples. Significant variations of 3-glucan quantification in the ELISA procedure also indicate a lower precision when compared with the enzymatic method (Ramptisch et a! 2003 (Ramptisch et a! , 2006 . The NIR method requires specialized equipment, calibration of sample spectra, and accurate reference analysis (Williams and Norris 2001; Neas et al 2002; Blakeney and Flinn 2005) . We are not aware of any comparisons between the NIR procedure and the standard enzymatic method. However, the limitations of the ELISA and the NIR procedures do not eliminate them as useful alternative methods in breeding programs, including material screening, because variations are tolerable as long as the 3-glucan content is close to the target level. Some experiments require both a large sample size and a high 3-glucan measurement accuracy. One excellent example is genetic mapping of 3-glucan biosynthetic genes, where precise phenotyping of each individual in the mapping population is critical. Variations in the phenotyping will distort the mapping position and mislead the ensuing gene isolation process. Our modified enzymatic protocol performed with the same accuracy as the standard method and reduced the cost dramatically. It can serve as an alternative procedure in both large-scale breeding and genetic studies of 3-glucan and can provide accurate measurements for each individual. Comparable accuracy and reliability of the procedure applied to samples from the same environment. The 3-glucan level is affected by environmental conditions and can vary 0.5- 1.0% for the same genotype under different growing conditions. It is essential to include control materials from each environment to better evaluate differences in the 3-g1ucan level.
The 96-well format for analysis also establishes the platform for further improvement of the enzymatic method to fit a highthroughput operation. The 96-well plate in this report can connect with a robotic system for the pipeuing steps in the assay. And although the robotic system can also be connected with a 384-well plate, the volume limitation in a single well in such a plate may prevent the application of the modified protocol for reaction testing on such a small scale. After optimizing the analytical steps. effective 96-well formats for grain milling and for the initial enzymatic hydrolysis steps using lichenase are the key factors in the development of a true high-throughput protocol. Newly available grinder models such as the 200 Geno/Grinder (SPEXCetiPrep, Metuchen, NJ) will be worth testing for highthroughput milling.
An important property of the modified enzymatic procedure is its reliability in analyzing wide ranges of -glucan content. Barley samples used in this study had -gluean levels of 1.5-10.0% dwb. Most plant materials in 3-glucan studies use samples with levels within this range. In a separate experiment, the modified procedure produced accurate quantification results for our mutants that exhibit very low and high 3-glucan content (0.5 and 14.0% dwb, data not shown). The ability to accurately determine very low 3-glucan levels is essential because grains with low or zero -gIucan are preferred in biofuel production. The capability to measure low content levels is an advantage of the enzymatic procedure over ELISA, where background noise may prevent the measurement of low 3-glucan levels. Our overall evaluation showed that the modified procedure works as well as the standard method in terms of sample 3-glucan ranges. We have used our modified procedure (BGLUC-100) in the f3-glucan quantification of 1.450 barley samples for mutant screening and 2.000 samples for early-generation selection in the ARS-Aberdeen barley breeding program. The optimized protocol. BGLUC-25 with 50 j.tL volume (2.5 U) of lichenase, was used to screen an additional 2.400 barley mutants. Repeated measurements of selected families gave consistent results.
High-throughput is a relative concept. Enzymatic methods are considered low-throughput compared with the EL1SA and NIR procedures. In actual assay conditions in our laboratory, two individuals routinely analyzed 120 samples within 3 hr. When flour samples of early-generation seed were provided to our laboratory, one technician routinely weighed and assayed 204 samples in 8 hr instead of the 48-72 samples usually required with the standard protocol. This handling capacity may meet the needs of most genetics and breeding laboratories. With a significant reduction in cost per sample and with high measurement accuracy, modified enzymatic procedure should he a good option for many programs. 
CONCLUSIONS
In this study. we modified the Megazyme protocol for grain Iglucan measurement to gai 11 a cost-effective and high-throughput format. The optimized procedure uses quality-controlled chemical components available from Megazyme. Both chemical and labor costs were reduced to <25% of the original protocol without coinpromising the measurement accuracy. We believe this adaptation can serve as an alternative protocol for 0-glucan study in situations where both the measurement accuracy and a large sample numbers are required.
